The fine structure of the upper mantle discontinuities is investigated using observations of convened waves on short-period and broadband seismograms. Using a stacking technique to analyze the P wave coda of teleseismic records, evidence is found for coherent near-receiver P-to-S convened phases generated by the 400-and 670-km discontinuity beneath a number of the stations used in this study. Variations in travel time, slowness, and amplitude of these phases as observed among the stacks for stations of the Regional Seismic Test Network in the United States and of the Network of Autonomously Recording Seismographs in western Europe are very likely the expression of upper mantle heterogeneity. Observations of coherent convened phases from the 400-km discontinuity are fewer in number than of phases convened at the 670-km discontinuity, suggesting that the latter is more pronounced. Some of the seismograms, especially of station RSCP, show extremely high-amplitude P-to-S convened phases from the 670-km discontinuity. These seismograms allow a detailed waveform comparison of the convened phase with the direct P phase and present evidence for a sharp 670-km discontinuity.
15-47 seismograms per station, as well as for five of the BB NARS stations with 17-48 seismograms per station (stations NE04, NE05, NE06, NE15, and NE16).
To allow an unambiguous interpretation of the near-receiver phases, the data have been stacked. The stacking technique is essentially a x-Ap stack, where x in this case is the differential time with respect to the P phase and Ap the slowness difference with the direct P wave. The three components (vertical, radial, and transverse) of each seismogram are cross-correlated with the waveform of the P phase on the vertical. The data are then normalized with respect to the autocorrelation of the P phase to give each seismogram equal weight. After that, the data are stacked using reference values for x and Ap appropriate for a P wave arriving at an epicentral distance of 72 ø for the data of the RSTN stations and station CHTO and at 80" for the NARS data.
for steeply incident P waves are obtained by the deconvolution of the radial component by the vertical component. It is then implicitly assumed that the vertical component contains the direct arrival (including source effects) but also most of the unwanted receiver crustal reverberations. The receiver function is therefore most sensitive to crustal P-to-S converted phases, whereas reverberations are suppressed. This is an adequate technique for determining the crustal smacture, but it is less satisfactory for the identification of (deep) upper mantle converted phases because the upper mantle P-to-S converted phases are not affected in the same way by the crustal structure as the direct P wave. Hence crustal multiples should preferably not be included in the "source tenn" as they degrade the deconvolution for the upper mantle converted phase. Using the technique described above, crustal multiples are enhanced instead of suppressed because of their similarity with the P pulse. This explains the large amplitude of the "ringing" after the first P arrival as seen in Figure 1 to obtain an 2c), whereas the phase at 71 s for the same differential slowness estimate of the coherence in the stacked signal. Assuming a might be interpreted as a P-to-S conversion, although its Gaussian distribution, the 95% confidence level of the signal polarization is more consistent with that of a P wave. The signal (mean + 2{3) can then be determined, allowing for an easy at x = 68 s and Ap =-0.0025 s/lcrn has a duration equal to that of interpretation of the statistical significance of the stacked data. As the stacked P phase (at Ap =0 s/km), and its amplitude is 15% of an example, the x-Ap diagram of the radial component of station that of the P wave on the vertical. To investigate the significance RSCP with an indication of the 95% confidence interval (reflected of the phase in more detail, the data set of this station is divided in the width of the trace) is shown in Figure 1 . Similar diagrams into two sets with different back azimuth. Although more noisy, have been used to analyze the vertical, radial, and transverse both subsets show the same SV arrival (see Figure 2b) , indicating component of the P wave coda of all the stations. that there is no (or little) azimuthal dependence of the signal. Phases are "identified" for which the mean stacked amplitude is Timing, amplitude, and polarization eliminate the possibility of larger than twice the standard deviation at that time. In this a crustal origin of the phase. Furthermore, the arrival has a respect, it is important to know that the standard deviation of the slowness smaller than that of the direct P wave, making an SP and BB stacks generally is 1.5-3% of the amplitude of the P explanation as a crustal multiple more unlikely, as multiples have phase on the vertical in the 40-to 80-s interval. Arrivals with an larger slownesses than the direct phase in a radially symmetric amplitude smaller than about 3-6% of the direct P wave are Earth. The polarization (near-vertical incident SV), and timing therefore not expected to be resolved using the 95% confidence (coda of P wave) can only be explained by a phase converted criterion. Phases have been interpreted as P-to-S conversions from P to SV in the upper mantle beneath the station. when "arrivals" on the radial component are not in phase with the Reference Earth models such as 1066B [Gilbert and signal on the vertical component, i.e., do not have a longitudinal Dziewonski, 1975] and PREM [Dziewonski and Anderson, 1981] polarization. predict a delay of 68-69 s for a P-to-S conversion from the 670-The technique, modified from Vinnik [1977] , thus enhances all km discontinuity, suggesting that the phase is generated by the signals, on each of the three components, that are similar to the 670-km discontinuity. Its theoretical slowness is approximately chosen waveform, and may therefore be used to investigate all 0.0013 s/lcrn smaller than that of the P phase according to these phases that correlate strongly with the P pulse. In most cases, the models, a value slightly lower than estimated from the x-Ap stack, P pulse has been defined by the first "sinelike" waveform, usually but the arrival clearly has a negative differential slowness, as is about 2-3 s long. The method was found to be quite robust with predicted for a P-to-S converted phase. The reference models do respect to the selected signal under the condition that its duration not explain the extremely high amplitude (15% of direct P wave is not too long (about 5-6 s). This is probably due to the fact that on the vertical) of the P670s phase as observed on the stack of crustal phases then contaminate the P waveform. The technique station RSCP. Calculated by the WKBJ method (for perfectly is in this respect different to the one often used to study the crustal elastic, radially symmetric media), PREM predicts an amplitude structure beneath a station [e.g., Phinney, 1964 [1986] argued that slowness estimates of the P'670P' phases of several studies do not agree with those expected for PKKKP scattered phases. The sharpness of the discontinuity has been inferred from the fact that P'670P' phases are observed on short-period records. Richards [1972] showed that for a horizontally layered medium the thickness of the transition must be less than 4 km to produce observable P'670P' phases on SP seismograms. However, he also pointed to the importance of (a small) curvature in the reflector on the amplitude of the P'670P' phase. In this regard, it is should be mentioned that P'670P' phases are not consistently observed [Husebye et al., 1977; Nakanishi, 1986] . Furthermore, P'670F/P'P' amplitude ratios vary among different studies [Teng and Tung, 1973] . These observations can easily be explained in terms of focusing and defocusing effects of the cliscominuity, although variations in the P'670P'/P'P' amplitude ratio may also occur when one phase is nearer to a caustic than the other. In both cases it is likely that high-amplitude P'670P' phases are predominantly observed, resulting in an overestimate of the reflectivity at the short-period frequency band and, consequently, in an overestimate of the sharpness of the discontinuity for acceptable values of the velocity contrast.
Observations of near-source S-to-P converted waves from the 670-km discontinuity below Izu-Bonin [Barley et al., 1982] and functions shown in Figure 9 display the frequency-dependent the Fiji-Tonga region [Bock and Ha, 1984] on SP seismograms amplitude behavior of converted phases for different widths of the discontinuity. They are calculated by the propagator matrix method for a "linear gradient" within the transition which is approximated by a sequence of layers of 1 km each. Assuming that the high-frequency content has decayed by 40 to 50% relative to the low frequencies, it can be inferred that the width of the transition must be less than 5 to 6 km for waveform "similarity" up to 1 Hz, or less than 2.5 to 3 km for waveform similarity up to 2 Hz. This observation has important implications for petrological and geodynamical models of the mantle (see discussion).
Observations of P-to-S converted waves from the 400-km discontinuity on the stacked seismograms are smaller in number, and no clear P400s phases have been identified on individual seismograms. This may indicate that there are no high-amplitude P400s phases or that there is more waveform distortion for the P400s phases than for the P670s phases. This last interpretation could imply that the 400-km discontinuity is less sharp than the 670-km discontinuity. However, to produce an amplitude of 4-5% of the P wave on a stack of short-period data, the 400-km discontinuity must be both sufficiently sharp (_< 10 km) and define a reasonable velocity contrast (>5% if no focusing effects are included).
DISCUSSION
The most important result of this study is the evidence for a locally sharp 670-km discontinuity from identifications of P670s suggest a sharp transition (<10 km) in regions of subduction zones but also indicate that regional variations exist because systematic differences in the signal duration of these converted phases are recognized.
The results of the aforementioned studies strongly suggest that the 670-km discontinuity is in several locations quite sharp, but this inference was disputed by Muirhead [1985] . In this respect, the waveform comparisons of P and P-to-S converted phases [Paulssen, 1985 [Paulssen, , 1988 Milllet, 1980, 1984 (seismic) observations of the depth of slab penetration, will provide insight in aspects that necessary to improve our picture of the Earth's mantle and the role that the 670-kin discontinuity plays in it.
